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ABSTRACT: Deer antler blastema progenitor cells (ABPCs)
are promising for regenerative medicine due to their role in
annual antler regeneration, the only case of complete organ
regeneration in mammals. ABPC-derived signals show great
potential for promoting regeneration in tissues with limited
natural regenerative ability. Our findings demonstrate the
capability of extracellular vesicles from ABPCs (EVs*®*¢) to
repair spinal cord injury (SCI), a condition with low
regenerative capacity. EVs**’C significantly enhanced the
proliferation of neural stem cells (NSCs) and activated neuronal
regenerative potential, resulting in a 5.2-fold increase in axonal e e

length. Additionally, EVs*®*’C exhibited immunomodulatory Maues Shom Cols e Pemeton feodetion
effects, shifting macrophages from M1 to M2. Engineered with

activated cell-penetrating peptides (ACPPs), EVs***C signifi-

cantly outperformed EVs from rat bone marrow stem cells (EVs®™5€) and neural stem cells (EVs promoting a 1.3-fold
increase in axonal growth, a 30.6% reduction in neuronal apoptosis, and a 2.6-fold improvement in motor function recovery.
These findings support ABPC-derived EVs as a promising therapeutic candidate for SCI repair.

Tail Vain Injection of ACPP@EVs"™

NSC)’

KEYWORDS: extracellular vesicles, antler blastema progenitor cells, spinal cord injury, neural stem cells, axonal growth

Spinal cord injury (SCI) is a debilitating condition that results Therefore, it is crucial to target the diminished intrinsic
in irreversible harm and permanent impairment of sensory, regenerative ability of neurons and relieve extrinsic inhibitory
autonomic, and motor function.' ™ Epidemiological data from cues within the environment.'”'" Hence, developing a strategy
the World Health Organization (WHO) have revealed more that tackles both challenges may enhance the current state of
than 250,000 SCI patients every year, with late mortality from SCI treatment.

acute SCI ranging from 4.4% to 16.7% worldwide. ¥ Despite Studies on SCI treatment have shown promising results with
advancements in SCI management, current treatments—such stem cell-based therapies.'” Mesenchymal stem cells (MSCs)
as surgery, corticosteroids, and rehabilitation—offer only are particularly noteworthy among existing stem cell options
limited benefits. These approaches help reduce inflammation for SCI treatment because they are typically obtained from

postnatal tissues and have fewer safety and ethical concerns."

or provide supportive care but fall short of restoring lost neural
To date, MSCs sourced from diverse origins, such as adipose

function or promoting meaningful nerve regeneration.” Half of
the affected individuals remain paralyzed, with life expectancies
of decades with permanent disabilities. Due to the limited

tissue, bone marrow, and umbilical cord, have been shown to

ability of the central nervous system to repair itself following Received: July 30, 2024 -
injury, re-establishment of the neural network is essential for Revised:  January 7, 2025 iy
functional recovery.® Nevertheless, axonal growth after SCI is Accepted:  January 7, 2025 . (v}.
limited by the poor intrinsic regenerative capacity of neurons Published: January 22, 2025 ,%”
and the hostile extrinsic injury environment that compromises
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inflammation, myelin-associated inhibitors, and glial scars.’
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Scheme 1. Schematic Illustration of Antler Blastema Progenitor Cell-Derived Extracellular Vesicles and Their Therapeutic

Role in Spinal Cord Injury (SCI)?
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#(A) Isolation and modification of EVs***, derived from antler blastema progenitor cells (ABPCs) isolated from deer antler, were modified with
DSPE-PEG and activatable cell-penetrating peptides (ACPP) to enhance their targeting ability at the SCI lesion site. (B) Intravenous injection of
ACPP@EVs"®€ in spinal cord injury (SCI) rats enables them to cross the blood-spinal cord barrier (BSCB) and selectively accumulate at the
injury site. (C) SCI is characterized by an acute inflammatory response, axonal disruption and neuronal damage, and glial scar formation, which
collectively inhibit neural repair and functional recovery. At the lesion site, ACPP@EVs***“ promote neural stem cell proliferation by enhancing
cell cycle progression through the S phase, facilitate axonal growth, and reduce neuronal apoptosis via modulation of the Wnt and Hippo signaling
pathways. Additionally, EVs*®*® regulate inflammation by promoting macrophage polarization from the pro-inflammatory M1 to the anti-
inflammatory M2 phenotype through the NF-kB signaling pathway, thereby supporting tissue repair and functional recovery.

improve the outcome of SCL.'*'® Pro-regenerative factors from
MSCs can enhance the intrinsic neuronal regenerative effects
of insulin-like growth factor-1 (IGF-1) and nerve growth factor
(NGF)."*"” In addition, MSCs help establish a beneficial
microenvironment that facilitates axonal regrowth by amelio-
rating neuroinflammation and inhibiting neuron apoptosis.'®

5996

Nevertheless, MSCs typically undergo dynamic cellular
senescence during multipassage cultivation in vitro.'””° Addi-
tionally, MSCs are generally obtained from mammalian
postnatal tissues, which show relatively constrained regener-
ative ability and typically contribute to partial tissue
regeneration in mammals, resulting in a ceiling effect in the
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Figure 1. Characterization and proteomic analysis of EVs*®"¢, EVs™SC, and EVs®™5€, (A) Schematic depicting the extraction process of EVs
from ABPCs, NSCs, and BMSCs. The supernatants from the cultured cells were collected and subjected to ultracentrifugation to isolate the
EVs. (B) TEM images validated the morphology of EVs™C, EVs®™5€, and EVs*PPC, Scale bar, 200 nm. (C) Quantification and size analyses of
EVs*®PC, EVS™SC, and EVs®™S5€ using NTA. (D) Western blot analysis of EVs marker proteins (CD63, HSP90, and ANXA1). An equal
amount (2 pg) of protein in EVs™¢, EVs®™5C€, and EVs*PPC was loaded in each lane, using NSC, BMSC, and ABPC lysates as controls for
surface markers. (E) ExoView analysis of EVs*BPC EVSNSC and EVsPMSC, Representative composite images show EV markers CD9 (blue),
CDS81 (green), and CD63 (red). Scale bar, 5 pm. (F) Schematic illustration of the proteomic analysis workflow. EVs™¢, EVs®™S¢, and
EVs*PPC were subjected to trypsin digestion and analyzed using a label-free peptide quantification method, followed by bioinformatic
analysis. (G) Venn diagram showing the overlap of identified proteins among EVs***¢, EVs™C, and EVs®5C. (H) Volcano map indicating
DEPs between EVs**”C and EVs™SC. Upregulated proteins are denoted using red dots, while downregulated proteins are indicated using blue
dots; nonsignificant proteins are represented using gray dots. (I) GO term enrichment analyses depicting enriched biological processes
upregulated between EVs***C and EVs"*C. (J) Volcano plot showing DEPs between EVs***¢ and EVs®™C. (K) GO term enrichment analyses
depicting enriched biological processes upregulated between EVs***C and EVs®SC,

promotion of tissue regeneration.”’ Therefore, the discovery of fastest organ growth recorded in mammals.”’ Intriguingly,
novel MSCs with robust regenerative potential in mammals ABPCs exhibit negligible signs of senescence and retain robust
may revolutionize stem cell studies within the domain of proliferative and regenerative capacities after SO passages in
regenerative medicine. vitro.”> This is in contrast to commonly used MSCs, such as
In a recent study, we discovered a new type of MSCs in the those from the umbilical cord, adipose tissue, and bone
growing deer antler, denoted antler blastema progenitor cells marrow, which generally undergo obvious cellular senescence
(ABPCs).”> ABPCs and their progeny drive bony antler after 10—15 passages of in vitro culture.”* To our knowledge,
growth at an astonishing rate. The growth rate of antlers is up ABPCs are the only MSCs from postnatal mammalian tissue
to 2.75 cm per day, allowing them to achieve a mass of up to that support complete organ regeneration in mammals,
15 kg and a length of 120 cm within three months, which is the highlighting their robust pro-regenerative ability in promoting
5997 https://doi.org/10.1021/acsnano.4c10298
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Figure 2. EVs*®**C enhanced NSC proliferation in vitro. (A) Circular heatmap showing DEPs related to nervous system development between
EVs*PP€ and EVs®™SC, (B) Violin plot depicting proteins related to nervous system development regulation in EVs***© and EVs®*™5C, Central
box in each violin represents the interquartile range (IQR). Statistical significance between groups was determined using an unpaired
Student’s t-test. ***P < 0.001. (C) Schematic of EVs***C and EVs®™5C effects on NSCs proliferation. (D—E) Ki67 immunofluorescence
staining (D) and quantification (E) in primary NSCs treated with vehicle, EVs®™C, or EVs*®*”C (n = 3). Scale bar, 25 ym. (F) Western blot
detection of Nestin, Ki67, and GAPDH protein levels in the vehicle, EVsBMSC and EVs?BPC groups. (G) Quantification of Nestin and Ki67
protein levels after different treatments (n = 3). (H) Schematic representation of FUCCI-based cell cycle evaluation. (I) Representative cell
cycle images. Circle indicates tracked cell transitioning from G1 to G2/M within 24 h. Scale bar, 25 um. (J) Bar graphs depicting the
proportion of cells in different cell cycle phases over time under different treatments. (K) Line graphs showing dynamic variations in the
proportion of cells in G1, S, and G2-M phases over time under different treatments (1 = 3). Solid lines represent mean values for each phase,
while shaded areas indicate standard deviation (SD). (L) Comparison of dynamic changes in the proportion of NSCs in S phase at different
time points over 24 h under different treatments (n = 3). (M) Schematic illustration of evaluating effects of EVs*** on NSC differentiation.
(N) Representative immunofluorescence images showing expression of GFAP and TUJ1 in NSCs treated with vehicle, EVs® ¢, and EVs***¢
for 2 d. Scale bar, 100 gm. (O) Measurement of proportion of TUJ1* cells in each treatment group (n = 4). (P) Measurement of longest
neurite length in TUJ1* cells from each treatment group (n = 4). (E, G, O, and P) Statistical data are presented as mean + SD. Statistical
analyses were performed using one-way analysis of variance (ANOVA) with Bonferroni’s posthoc test. *P < 0.05, **P < 0.01, and ***P <
0.001. ns: not significant.

regeneration.zs’26 In addition, ABPCs have immunomodula- cell therapy.”” Therefore, EV-based therapy is an ideal
tory, antiapoptotic, and anti-inflammatory properties consis- alternative to stem cell therapy in medical applications.’”*!
tent with the inherent nature of MSCs.”” In this study, we addressed the gap in knowledge regarding the
These unique characteristics make ABPCs appealing for role of EVs derived from ABPCs (EVs***C) in SCI repair.
promoting tissue regeneration, particularly for poorly regen- EVs***C are uniquely advantageous as they retain potent
erated tissues such as the spinal cord. However, direct injection regenerative ABPC signals, which are not present in EVs from
of ABPCs into the human body is not clinically acceptable more commonly used stem cells like bone marrow stem cells
because of ethical and safety concerns.”” Extracellular vesicles (BMSCs) and neural stem cells (NSCs). Additionally, to
(EVs) are nanosized membranous vesicles that transport overcome the challenges of targeted delivery in SCI, we
different informative cargoes (including lipids, proteins, engineered EVs**C with activated cell-penetrating peptides
metabolites, and nucleic acids) from their parent cells.”® (ACPP), enhancing their localization to the injury site. By
Preclinical and clinical research has suggested that stem cell- comparing EVs***¢ to BMSC- and NSC-derived EVs
derived EVs provide clinical benefits similar to those of their (EVsBMSC, EVsNSC) - our study demonstrates how this
donor cells without the biosafety concerns inherent to stem innovative approach can more effectively promote neural
5998 https://doi.org/10.1021/acsnano.4c10298
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regeneration, modulate the immune response, and improve
functional recovery in SCI patients. The workflow of this study
is illustrated in Scheme 1.

RESULTS

Isolation and Characterization of EVs"8PC, The periodic
rapid growth of antlers is a meticulous process involving
osteogenesis, neurogenesis, and an%io enesis, partly attribut-
able to bioactive cues from ABPCs.”””* To avoid ethical and
safety concerns of xenogeneic ABPCs, EVs were purified from
ABPCs (EVs*®*©), which inherit a multitude of biological
signals from their originating cells.”” Their features were
characterized and compared with those of EVs from the most
widely used NSCs (EVs™*¢) and BMSCs (EVs®™ ) extracted
from Sprague—Dawley (SD) rats (Figure 1A). EVs*®*C
exhibited analogous morphology, surface markers, and size
distribution to EVsN*© and EVs"*C (Figure 1B—D). Trans-
mission electron microscopy (TEM) revealed the characteristic
cup-shaped or spheroidal morphology of all EVs (Figure 1B).
Nanoparticle tracking analysis (NTA) revealed that the overall
particle size distribution profiles of EVs from the three different
sources were in a similar range, with a primary peak at an
approximate diameter of 154.4 nm (Figure 1C). Protein
content-based characterization of the three types of EVs using
Western blotting validated the elevated expression of EVs
marker proteins CD63 and HSP90 while showing negative
expression of the microvesicle-specific marker ANNEXIN Al
(ANXALI; Figure 1D). To ensure precise measurements and
mitigate non-EV contaminants, we used the ExoView platform
to characterize single EVs in a multiplex manner.”> The
captured EVs were labeled with fluorescent antibodies
targeting CD9, CD81, and CD63. All EVs expressed the
tetraspanin markers CD81, CD9, and CD63 (Figure 1E),
confirming the uniformity of surface markers across the EVs.

Further proteomic analysis was performed to characterize
the composition of the different EVs using liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS; Figure 1F).
Principal component analysis (PCA) indicated that the three
biological replicates of each EV were homogeneous, confirm-
ing the repeatability and reliability of the data (Figure S1A).
Venn diagrams demonstrated that among the 1432 proteins
identified, 257 overlapped with all EV types (Figure 1G). A
unique proteomic profile was identified in EVs***“via Gene
Ontology (GO) analysis compared to EVs™C, in which 79
upregulated proteins were involved in wound healing
(including PPIA, ANXAS, and TIMP1), synaptic vesicle
maturation (including PICALM, ATP6 V1B2, and ATP6
V1A), immune response (including B2M, MASPI, and
CORO1A), neuronal cellular homeostasis (including APP,
ATP6 V1B2, and ATP6 V1A), and response to growth factors
(including SERPINEI1, APP, and CORO1A; Figure 1H-I; |
log2(FC)l > 1 and P < 0.05). Furthermore, compared to
EVs®™5€, 139 upregulated proteins were identified in EVs***€,
which were related to synaptic signaling (including CAC-
NAIC, CTBP2, and GRIK3), acute-phase response (including
F8, SAA1, and SERPINA1A), and developmental maturation
(including RHOA, THBS3, and PEBPI; Figure 1J-K, |
log2(FC)l > 1, and P < 0.0S5). Selected proteins, including
RHOA, PICALM, and B2M, identified as upregulated and
associated with wound healing pathway proteins were further
validated using Western blot to strengthen the credibility of the
proteomic findings (Figure S1B,C). Subsequent Rectome
pathway knowledgebase enrichment analysis indicated that
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upregulated differentially expressed proteins (DEPs) partici-
pated in axon guidance and nervous system development
compared to EVs™C and EVs®™ ¢ (Figure S1D,E). Collec-
tively, EVs***C contained a variety of unique biological factors
that favor neurogenesis, highlighting their therapeutic potential
in addressing neurological injuries and disorders.

EVs*8PC Enhanced NSC Proliferation In Vitro. Proteo-
mic analysis revealed marked enrichment of proteins associated
with nervous system development (including RHOA, DSCAM,
and GFRA1) within EVs*®** compared to that within EVs®5¢
(Figure 2A—B). Given the crucial role of NSCs in nervous
system development and repair,”* we investigated the impact
of EVs*®’C on NSCs, with a particular focus on NSC
proliferation and differentiation. We first extracted NSCs
from the cerebral cortex of E14 SD rats and characterized them
using the specific markers Nestin and SOX2 (Figure S2A). EVs
labeled with PKH26 were observed within the soma and
processes of NSCs, as shown by the colocalization of PKH26
and Nestin staining in Figure S2B. This indicates successful
internalization and distribution of EVs within the NSCs.
Subsequently, NSCs were treated with either EVs***C or
EVs®™°C, using basal culture medium as vehicle control (Figure
2C). Upon treatment with EVs***C, the proportion of Ki67-
positive cells significantly increased (19.5 + 0.7%). Compared
to the EVs®™C and vehicle groups, 1.3-fold and 2.1-fold
increases were observed, respectively, suggesting a stronger
ability of EVs*®"C to promote the proliferation of NSCs
(Figure 2D—E). Western blot analysis confirmed these results,
demonstrating markedly elevated levels of Ki67 and Nestin in
the EVs***C group compared to those in the other groups
(Figure 2F—G).

We used a fluorescent ubiquitination-based cell cycle
indicator (FUCCI) system to observe single-cell behaviors
with precise spatiotemporal resolution. This system employs
genes linked to fluorescent reporters that emit different colors
specific to each cell cycle phase, allowing real-time imaging of
cell cycle phases (Figure 2H).* We induced the expression of
FUCCI reporters in NSCs via lentiviral transduction. Cell
populations with red, yellow, or green light correspond to cells
in the quiescent G1 phase, early S-phase, or proliferating late-
S/G2-M phases, respectively (Figure 2I). A representative
example of a cell transitioning from the G1 (red) to the G2-M
phase (green) is shown in Figure 2L In each group, we
observed synchronized oscillations in the proportions of cells
in the G1 (red), S (yellow), and G2-M (green) phases as the
overall cell population cycled over time, reflecting typical cell
cycle dynamics (Figure 2J—K).*® The proportion of cells in the
S phase (yellow) accumulated over 24 h in the EVs***© group,
demonstrating a marked increase compared to the other
groups (Figure 2L).

Next, we explored the effects of EVs on NSC
differentiation (Figure 2M). Immunostaining was performed
for specific markers of neurons and astrocytes using pIII-
tubulin (TUJ1) and glial fibrillary acidic protein (GFAP),
respectively, to examine the differentiation ratio of NSCs into
neurons and astrocytes (Figure 2N). No significant differences
were observed in the proportions of TUJ1" and GFAP" cells
between the groups (Figure 2N—O and S2C; P > 0.05),
indicating a negligible effect of EVs**"“ on the differentiation
of NSCs. Nevertheless, we observed a marked rise in the length
of Tuj1* cells in the EVs**™ group (106.5 + 8.13 um), which
was 2.6-fold greater than that in the vehicle group and 1.4-fold
that in the EVs®™¢ group (Figure 2P, $2D). This finding
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Figure 3. EVs***C enhanced neurite outgrowth and reduce neuronal apoptosis. (A) Heatmap of DEPs related to axon guidance in EVs*5*¢

and EVs™€. (B) Violin plot of axon guidance proteins in EVs***C and EVs™*C. Central box in each violin represents IQR. Statistical
significance between groups was determined using an unpaired Student’s t-test. ***P < 0.001. (C) Schematic of EVs™*, EVs®™5€, or EVs*PPC
effects on DRG neurite outgrowth. (D) Representative images (left) showing TUJ1-stained DRG neurons treated with vehicle, EVs™C,
EVs®™SC, or EVs*®PC for 48 h. Scale bar, 50 gm. Sholl analysis (right) demonstrates the effects of different treatments on neurite branching
complexity in DRG neurons. Representative Sholl plots were shown as insets, which were normalized against the vehicle group (n = 3). (E)
Images depicting TUJ1 (green) /S100 (red) staining (left) in DRG explants treated with vehicle, EVs™*C, EVs®™SC, or EVsA®C for 48 h. Scale
bar, 500 gm. Quantification of the mean length of the five longest axons in DRG explants (right) under different treatments (n = 5). (F)
Workflow of RNA sequencing (RNA-seq) analysis. (G) RNA-seq analyses of regulated pathways in Neurons Vehicle vs Neurons_EVs*PFC.
Left: Up- and downregulated genes. Middle: DEG expression heatmap. Right: Functional enrichment. (H) GSEA of biological pathways
including Wnt signaling, axon guidance, Hippo signaling, and mast cell activation. (I) Western blot of key proteins in Wnt pathways in
neurons treated with EVs**"C and the Wnt inhibitor XAV939. (J) Representative images of TUNEL staining in neuron cultures. Red
indicates TUNEL-positive apoptotic cells, and green indicates NeuN-positive neurons. Scale bar, 50 gm. (K) Quantification of apoptosis in
neuron culture. All statistical data are represented as mean + SD. (E and K) Statistical analyses were performed using one-way ANOVA with
Bonferroni’s posthoc test. *P < 0.0S, **P < 0.01, and ***P < 0.001. ns: not significant.

suggested that EVs"™C could promote the outgrowth of including the establishment of synapses and guidance of
neurite neurons upon their differentiation from NSCs rather axons.”” Sholl analysis demonstrated that in DRG neurons, the
than affecting the lineage specification of NSCs. branching complexity in the EVs***© group was approximately
EVs"EPC Promoted Neurite Outgrowth and Branching. 1.5-fold, 2.7-fold, and 4.1-fold higher than that in the EVs"°C,
EVs***C contained abundant proteins associated with axon EVs®™5€, and vehicle groups, respectively (Figure 3D). Upon
guidance (including RPS2, ACTG1, and RHOA) in contrast to treatment with EVs*®*C for 48 h, the axon length of neurons
EVs™SC, highlighting their potential to drive axon growth significantly increased, reaching a maximum of 5.2-fold that of
(Figure 3A—B). Therefore, dorsal root ganglion (DRG) the vehicle, 1.3-fold that of EVs™C, and 2.2-fold that of the
neurons were utilized to evaluate the potential impacts of EVs®™SC (Figure S3A) groups. In DRG explants, EVs from
EVs*"™C on axonal outgrowth (Figure 3C). Intriguingly, different sources showed a notable elevation in the mean
different EVs increased the complexity of neurite branching, length of the five longest axons in comparison to the vehicle
which was associated with neural circuit development, group. The average length of DRG explants was the highest in
6000 https://doi.org/10.1021/acsnano.4c10298
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Figure 4. EVs**’C exhibited robust immunomodulatory ability in vitro and in vivo. (A) Schematic of evaluating the immunomodulatory effect
of EVs on macrophage polarization in RAW264.7 cells. (B) Western blot showing proinflammatory factors iNOS and TNF-a in RAW 264.7
cells treated with LPS + IFN-y, with or without different EVs. (C) Quantification of the relative iNOS and TNF-a expression levels in
macrophages (n = 3). (D) Immunofluorescence images showing effects of EVs on macrophage polarization. Top: iNOS (red), F4/80
(green), DAPI (blue). Bottom: Argl (red), F4/80 (green), DAPI (blue). Scale bar, 50 ym. (E) Quantification of the fluorescence intensity of
iNOS" cells (M1) and Argl* cells (M2) (n = 4). (F) Flow cytometric analysis showing the percentage of CD86* and CD206" cells in F4/80"
gated macrophages after different treatments. (G) Quantification of the percentage of CD206" cells (M2) in F4/80" macrophages (primarily
in Q2). (H) Western blot showing Argl, IxBa, p-IkBa, p-P65, and P65 in macrophages treated with LPS + IFN-y, with or without EVs*®"C,
(I) Immunofluorescence images showing effects of EVs on microglial polarization in the spinal cord at 14 dpi. Left: iNOS (red), ibal
(green), DAPI (blue). Right: Argl (red), ibal (green), DAPI (blue). Scale bar, 200 gm. Insets show higher magnification of boxed areas.
Scale bar, 50 gm. (J) Quantification of the fluorescence intensity of iNOS* and Argl* microglia in the spinal cord (n = 4). (K) ELISA assay
assessing spinal proinflammatory cytokine IL-1f, IL-6, and TNF-a levels following different treatments. (n = 3). (C, E, J, and K) All
statistical data are represented as mean + SD. Statistical analyses were performed using one-way ANOVA with Bonferroni’s posthoc test. *P
< 0.05, **P < 0.01, and ***P < 0.001. ns: not significant. a.u: arbitrary unit.

the EVs**™ group (2,017.5 + 95.6 um), followed by EVsN*C increases in neurite outgrowth and branching. Notably, the
(1,445.8 + 164.9 um), EVs"™5C (1,205.6 + 46.9 um) groups, EVs***C group exhibited the strongest effects, with the most

and the lowest in the vehicle group (969.3 + 40.0 yum; Figure extended neurites and branches. These results demonstrated
3E). Furthermore, in DRG explants, EVs"**C significantly that EVs**™C outperformed the other EVs in establishing
increased branching complexity, which was 2.5-fold, 2.3-fold, neuronal branching complexity, highlighting their potential for
and over 3-fold higher than that in the EVs"*¢, EVs®™5¢, and establishing synaptic connections.

vehicle groups, respectively (Figure S3B). Collectively, the Functional deficits following SCI primarily stem from the
vehicle group had the shortest neurite outgrowth and the depletion of mature neurons, a consequence directly linked to
lowest number of branches in both the DRG neurons and apoptotic processes in neural cells.”® We examined the effects

explants. The EVs¥© and EVs®™5¢ groups exhibited moderate of different EVs on Ventral spinal cord (VSC4.1) neurons.
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Neuronal apoptosis was induced using lipopolysaccharide
(LPS), a well-established cell model of neuronal apoptosis in
SCL*” We found that EVs from different stem cells rescued
neuronal apoptosis induced by LPS (67.34 + 9.8%), with the
strongest ability observed in EVs“**C, which decreased
apoptosis to 15.33 + 2.9%. EVs™¢ and EVs"™5¢ also
demonstrated significant effects, although to a lesser extent,
reducing apoptosis to approximately 35.12 + 3.3% and 29.14
+ 8.8%, respectively (Figure S3C—D). This aligns with
previous findings that stem cell-derived EVs can suppress
neuronal apoptosis following SCL*’

We further examined the underlying mechanisms involved in
the positive effects of EVs*®*C on neurite outgrowth and
branching using RNA sequencing (RNA-Seq) (Figure 3F).
The PCA plot showed the clustering of neurons treated with
EVs**™© compared to the vehicle group, confirming the
repeatability and reliability of the data (Figure S4A). The
heatmap and volcano plot (Figure 3G and S4B) revealed that
799 genes exhibited significant differential expression following
EVsAPPC treatment. Among these, 671 genes showed increased
expression, whereas 128 genes exhibited decreased expression
(llog2(FC)l > 0.58 and P < 0.05). GO enrichment analysis
revealed that the upregulated differentially expressed genes
(DEGs) were associated with neuron projection development
(including Bcl2, Cd2ap, and Dst), axonogenesis (including
Apc, Bcl2, and Cd2ap), and axon guidance (including Egr2,
Gli3, and Hoxa2), which are pivotal for nerve regeneration
(Figure 3G).

Gene set enrichment analysis (GSEA) in EVs**"“treated
neurons revealed significant enrichment in multiple biological
pathways, including the Hippo signaling pathway, canonical
Wnt signaling pathway, axon guidance pathway, and mast cell
activation pathway related to immune response (Figure 3H).
Among the enriched pathways identified, the Hippo and Wnt
signaling pathways were of particular interest due to their
established roles in promoting cell survival and regener-
ation.*"* Since treatment with EVs***® alone significantly
reduced neuronal apoptosis, to further investigate this
hypothesis, neurons were pretreated with the Wnt pathway
inhibitor XAV939 to suppress Wnt signaling activity (Figure
31)." XAV939 treatment significantly suppressed the ex-
pression of beta-catenin (f3-catenin) and increased the levels of
GSK-3f, indicating inhibited Wnt signaling activity (Figure
S4C—E). Further analysis showed that, compared to the
EVs**PC group, the levels of the antiapoptotic protein BCL-2
were significantly decreased, while the levels of the pro-
apoptotic protein BAX were markedly increased in the
XAV939 group. However, subsequent treatment with EVs**P¢
in XAV939-pretreated neurons (XAV939 + EVs**" group)
partially restored the expression of BCL-2 and significantly
reduced the levels of BAX compared to the XAV939 group
alone (Figure S4F—G). Additionally, TUNEL and NeuN
immunofluorescence staining showed that the TUNEL/NeuN
double-positive cell ratio was significantly elevated in the
XAV939-pretreated group. Although this ratio decreased
following subsequent EVs**FC treatment, it remained higher
than that in the group treated with EVs***C alone, further
supporting the involvement of the Wnt pathway in the
antiapoptotic effects of EVs*®*¢ (Figure 3J—K).

To explore the role of the Hippo signaling pathway in the
effect of EVs on neural apoptosis, we used the Hippo pathway
activator Verteporfin (VIP) to enhance the activity of the
Hippo pathway.** VTP treatment alone resulted in a marked
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increase in phosphorylated YAP (p-YAP), accompanied by a
decrease in BCL-2 levels and an increase in BAX levels (Figure
S4H), indicating enhanced neuronal apoptosis due to Hippo
pathway activation. Subsequent treatment with EVs***C in
VTP-treated neurons led to a reduction in p-YAP levels, an
increase in BCL-2 levels, and a decrease in BAX levels (Figure
S4H-K), suggesting that EVs*®™C counteracted the pro-
apoptotic effects induced by Hippo pathway activation.
Collectively, these findings indicated that EVs*** supported
neuronal survival by regulating both the Wnt and Hippo
signalin§ pathways.

EVsABPC Exhibited Robust Immunomodulatory Prop-
erties. EVs derived from MSCs exhibit immunomodulatory
properties.” Given that ABPCs are a unique type of MSCs, a
variety of molecules related to the modulation of inflammatory
responses, such as VWF, TIMP, and COL6A1, were identified
in EVs*P*® (Figure SSA). In addition, the score for the gene set
of the innate immune system was significantly higher in
EVs*PPC than in EVSs®™*C and EVs™*© (Figure S5B), suggesting
a potentially stronger immunomodulatory ability of EVs**PC.

Next, we investigated the immunomodulatory properties of
EVs*®*C focusing on the shift of macrophages from a
proinflammatory (M1) to a tissue-repairing (M2) phenotype,
given their pivotal role in immunoregulation and nerve
regeneration (Figure 4A). Upon treatment with lipopolysac-
charide (LPS) and Interferon-gamma (IFN-y), we observed a
marked elevation in proinflammatory factors in RAW264.7
macrophages, including inducible nitric oxide synthase (iNOS)
and tumor necrosis factor-alpha (TNF-a). This finding
suggested that a combination of LPS and IFN-y was sufficient
to switch MO macrophages into the proinflammatory M1
phenotype (Figure 4B). Notably, the expression of these
proinflammatory factors was significantly reduced following EV
application, with EVs***© showing the most pronounced effect
(Figure 4C). Immunofluorescence staining showed that
PKH26-labeled EVs**™ were internalized by macrophages
and distributed within the soma of M1 macrophages (Figure
SSC). In addition, the fluorescence intensity of iNOS* cells
(M1) significantly decreased after EVs***© treatment, showing
a reduction to approximately 14.1% of the level observed in the
LPS + IFN-y group, 35.4% of the level observed in the EVsN*C
group, and 39.1% of the level observed in the EVs®™™5¢ group.
Conversely, the EVs*®*C-treated group exhibited a remarkable
increase in the fluorescence intensity of Argl* cells (M2),
which was approximately 2.7-fold greater than that in the LPS
+ IFN-y group (Figure 4D—E). An identical trend was
observed using fluorescence-activated cell sorting (FACS).
Upon treatment with LPS + IFN-y, the CD206%/F4/80"
polarization ratio (M2/MO) increased from 1.90% (vehicle)
to 5.87% (EVs™C), 7.99% (EVs®™5C)  and further to 12.53%
(EVSshBPS; Figure 4F—G). Additionally, the CD86"/F4/80"
polarization ratio (M1/MO0) was 73.25% after treatment with
LPS + IFN-y. Following treatment with EVsNSC EVsBMSC and
EVs*®*C the proportion of M1 cells was reduced to 32.75%,
30.32%, and 27.74%, respectively (Figure SSD). These findings
further confirmed that EVs***© possessed a robust capability to
switch from M1 to M2. To investigate the possible mechanism
by which EVs***C repopulated macrophages, we assessed the
relative levels of proteins involved in the inflammatory Nuclear
Factor kappa-light-chain-enhancer of activated B cell (NF-xB)
signalin% pathway, which is critical for regulating the M1/M2
switch.*® We found that EVs**"C inhibited the NF-kB pathway,
as evidenced by the decreased expression of phosphorylated
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Figure 5. ACPP-modified EVs*®*"C enhanced targeted delivery to SCI sites. (A) Schematic diagram illustrating the modification of EVs with
ACPPs to form ACPP@EVs. (B) Docking simulation between MMP2 and ACPP peptides showing specific interactions, including hydrogen
bonds and salt bridges, with key amino acid residues highlighted in purple. (C) Mass spectrometry analysis confirming the peptide sequence
(EEEEEEEEEEPLGLAGR) in ACPP@EVs*®C, as indicated by the DIA spectrum with fragment ions (red, y ion; blue, b ion) and an error
plot showing the measurement accuracy. (D) ACPP@EVs labeled with a red fluorescent protein (RFP) were administered to SCI rats via tail
vein injection, and their distribution was monitored 12 h postinjection by in vivo and ex vivo imaging. (E) Representative in vivo images
showing the distribution of Dir@EVs***“ and ACPP@EVs**"€ at the injury site 12 h postinjection. (F) Quantification of radiant efficiency at
the injury site (n = 3). (G—H) Ex vivo imaging of the major organs showing the distribution of Dir@EVs***© (G) and ACPP@EVs***C (H).
(I-J) Quantification of radiant efficiency in the spinal cord (I), spleen, lungs, kidneys, and liver (J) (n = 3). (K) Two-photon imaging of the
dynamics of EVs from the vasculature to the spinal cord 4 h postinjection, with blood vessels (green) and EVs (red). Scale bar (left), 200
pm; Scale bar (right), 50 pm. (L) Quantification of fluorescence intensity of EVs in the spinal cord, as visualized by two-photon imaging (n =
5). (M) Quantification of the fluorescence intensity of Dir@EVs***C and ACPP@ EVs***C in spinal cord histology (n = 4). (N)
Representative images of EV distribution in the spinal cord, with DAPI (blue) staining nuclei and Dir@EVs and ACPP@EVs (red). Scale
bar, 25 pym. (F, I, J, L, and M) All statistical data are represented as mean + SD. Statistical significance between groups was determined using
an unpaired Student’s t-test. *P < 0.0S, **P < 0.01, and ***P < 0.001. ns: not significant. a.u: arbitrary unit.

IkBa (p-IkBa) and phosphorylated P65 (p-P65). Collectively, (Figure 41-J). These findings confirmed the ability of EVs***¢

these results demonstrate that EVs*P'C inhibited M1 macro- to switch M1 macrophages to the M2 phenotype in vivo. In
phages and promoted M2 macrophages, probably by regulating addition, EVs treatment significantly attenuated the upregula-
the NE-kB pathway (Figure 4H). tion of proinflammatory cytokines, such as TNF-a, IL-1/3, and

Next, we investigated the immunomodulatory ability of
EVs***Cin vivo. Fourteen days following treatment with EVs,
the abundance of Argl® cells was the highest in the EVs**"C
group, followed by the EVsNC and EVs®™5¢ groups, and was
lowest in the vehicle group. The opposite trend was observed

for iNOS" intensity, with the most significant value in the transition, which was beneficial for cell survival and tissue

vehicle group and the lowest value in the EVsABPC group regeneration.

IL-6, in the focal areas after SCI, with EVsABPC showing the
most pronounced inhibition of proinflammatory cytokines
(Figure 4K). Thus, EVs**™C possessed a robust ability to

ameliorate inflammatory responses and switch to the M1/M2
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Figure 6. ACPP@EVs*®"C promoted neural regeneration and reduce neuronal apoptosis post-SCI in vivo. (A) Schedule of SCI rats treated
with ACPP@EVs™¢, ACPP@EVs®™5C, and ACPP@EVs*P*C, Treatment included intravenous injections (i.v.) three times weekly, followed
by assessments at various time points to evaluate neural regeneration and motor function recovery. (B—E) Representative
immunofluorescence images of sagittal sections of the injured spinal cord stained for GFAP (green) and TUJ1 (red) to visualize astrocytes
and newborn neurons at 14 dpi treated with ACPP@EVs™, ACPP@EVs®™5C, and ACPP@EVs*®’C, respectively. Scale bar, 500 gm. Insets
show higher-magnification images of the boxed areas (b1-b3, c1-c3, d1-d3, el-e3). Scale bar, 50 pm. (F—G) Quantification of the areas of
TUJ1"* neurons (F) and GFAP" astrocytes (G) in the lesion site (n = 3). (H—I) Representative Nissl staining images and quantification of the
average optical density of neurons at 7 dpi (n = §). Scale bar, 500 ym. Insets show higher-magnification images of the boxed areas. Scale bar,
50 pm. (J—K) Quantification of the areas of NF* axons and GAP43" axons at 28 dpi (n = 3). (L) Representative immunofluorescence images
of sagittal sections of the injured spinal cord stained for NF (white) and GAP43 (purple) to visualize nerve fibers and regenerating axons.
Scale bar, 500 pm. Insets show higher-magnification images of the boxed areas (L1-L4). Scale bar, 50 ym. (M—N) Representative
transmission electron micrographs (M) and scatterplots (N) comparing the myelin thickness and the correlation and linear regression
between axon diameter and G-ratio in the vehicle, ACPP@EVs™¢, ACPP@EVs®™5C and ACPP@EVSABPC treatment groups. Axons were
selected from 4 rats per group for measurement (n = 60 measured axons for each group). Scale bars, 4 um. Correlation analyses were
performed using Pearson’s correlation. (F, G, I, J, and K) All statistical data are represented as mean + SD. Statistical analyses were
performed using one-way ANOVA with Bonferroni’s posthoc test. *P < 0.0S, **P < 0.01, and ***P < 0.001. ns: not significant.

Delivery System for EVs to Target SCl Lesions. Current
therapeutic applications of EVs involve nontissue-specific
targeting, which results in their nonselective distribution across
diverse tissues upon systematic administration.”” To address
this issue, the surface of EVs was modified with activatable cell-
penetrating peptides (ACPPs), which comprised a sequence of
polyanionic inhibitory domain, polycationic CPP, and peptide
linker matrix that exhibited sensitivity to metalloproteinases
(MMPs; Figure 5A).*** In SCI lesions rich in MMPs, the
linker undergoes selective cleavage, causing the dissociation of
the inhibitory acidic peptide based on its off-rate, thereby
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exposing the cationic CPP for the delivery of EVs into adjacent
cells.”” Docking analysis revealed specific interactions between
MMP2 and ACPP peptides, including multiple hydrogen
bonds and salt bridges (Figure SB). The close-up view
highlights critical amino acid residues such as GLU-33, ASN-
45, and ARG-67 (colored purple), alongside key interactions
like GLU-345 with ARG-15 and ASP-210 with ARG-16, which
contribute to stabilizing the binding pocket (Figure SB, Table
1). Subsequently, we performed mass spectrometry on the
ACPP-engineered EVs. Figure SC shows an example of a DIA
spectrum containing the target peptide (EEEEEEEEEEPL-
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GLAGR) predicted using DeepNovo-DIA. Each panel high-
lights fragment ions that corroborate the respective peptide:
red denotes y ions, and blue denotes b ions. The error plot
matches the experimentally obtained and theoretical mass
peaks, indicating high measurement accuracy (within +0.0S
Da). Collectively, these results confirmed the peptide sequence
and successful construction of ACPP@EVs.

We further labeled ACPP@EVs*P*C with a red fluorescent
protein (RFP) to examine its in vivo distribution, using Dir-
labeled EVs as controls. EVs were then administered to SCI
rats via tail vein injection, and their distribution was monitored
by in vivo imaging of small animals 12 h postinjection (Figure
SD). The fluorescence signals in rats injected with Dir@
EVs*P*C were predominantly distributed outside the SCI site.
In contrast, in the ACPP@EVsAPC group, the fluorescence
signals were mainly localized at the site of SCI, which was 1.8
times greater than that in the Dir@EVs"**© group (Figure SE—
F). The major organs of rats were dissected and arranged
accordingly, as shown in Figure SD. In the ACPP@EVs**"“
group, a notable increase in fluorescence signals was observed
in the spinal cord, measuring 2.3-fold higher compared to that
in the Dir@EVs"®*“ group. (Figure 5G—I). In contrast, the
kidneys, liver, spleen, and lungs showed a decrease in
fluorescence to approximately 47.6, 35.7, 45.5, and 29.4% of
the levels observed in the DIR@EVs***C group, respectively
(Figure 5]). These findings indicated that engineering EVs***¢
with ACPP increased their targeting of the spinal cord after
injury. Figure S6A—C shows the ex vivo distribution of ACPP-
loaded EVs™C and EVs®MSC,

The transport of EVs from the vasculature to the adjacent
spinal cord was further visualized using two-photon imaging,
with blood vessels marked with FITC (green) and EVs labeled
with RFP or Dir (red). Four hours postinjection, high-intensity
red fluorescence signals were observed in the infarct zone of
spinal cord lesions in the ACPP@EVs*** group (Figure 5K).
The fluorescence intensity of EVs in the ACPP@EVs**"C
group was nearly 3.6-fold higher than that in the Dir@EVs***“
group (Figure SL). Similarly, a significantly higher intensity of
red fluorescence was confirmed in the ACPP@EVs*** group
by histological analysis of local spinal cord lesions, which was
9.4-fold higher than that in the Dir@EVs***“ group (Figure
SM—N). Thus, using a combination of in vivo imaging and ex
vivo two-photon imaging techniques, we provide direct
evidence that ACPP@EVs*®*C selectively accumulates at the
SCI sites.

To evaluate the anti-inflammatory properties of ACPP
further, we measured the expression levels of proinflammatory
cytokines TNF-a and IL-1§ in LPS + IFN-y pretreated
macrophages across three groups: vehicle control (LPS + IFN-
y alone), unmodified EVs*®*C, and ACPP@EVs*PFC. Both the
unmodified EVs***© and ACPP@EVs**" groups significantly
reduced TNF-a and IL-6 levels compared to the vehicle
control group (Figure S6D). However, no significant difference
was detected between the unmodified EVs*** and ACPP@
EVs**PC groups, suggesting that the observed anti-inflamma-
tory effect is primarily due to the inherent properties of
EVsAPPC,

EVs*BPC Facilitated Neural Network Reconstruction
after SCI. Next, we examined the potential therapeutic effects
of ACPP@EVs** on neural regeneration in the rat traumatic
SCI model (Figure 6A and Figure S7A). After SCI, the rats
were administered different ACPP@EVs three times weekly via
tail vein injection until sacrifice, after which they were
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successfully transferred to the spinal cord lesions in wvivo.
Fourteen days postinjury (dpi), sagittal sections of the injured
spinal cord were stained with GFAP to visualize astrocytes and
with TUJ1 to mark newborn neurons. In the vehicle group,
there was a restricted presence of TUJ1* cells (9.85 + 2.17%)
observed from the rostral to the caudal of the lesion site,
especially the epicenter. This was accompanied by overactivity
and accumulation of astrocytes (Figure 6B). In contrast, TUJ1
positive cells were more evenly distributed within the lesion
site in the ACPP@EV-treated groups (Figure 6C—E). Among
the three types of EVs, ACPP@EVs**"“ exhibited the greatest
neuroprotective effect, with 81.59 & 5.82% of neurons, which
was 1.2 times the proportion found in the ACPP@EVs" ¢
group (67.38 + 7.92%) and more than 1.4 times that in the
ACPP@EVs"™™C group (58.07 + 1.80%; Figure 6F). Addi-
tionally, ACPP@EVs"""C was significantly more effective than
the vehicle in limiting the overactivity and accumulation of
astrocytes during secondary injury (Figure 6G). At 7 dpi, we
found a significantly higher density of neurons in the ACPP@
EVs**C group than in the other groups via Nissl staining,
which represented a 1.9-fold higher density in the vehicle
group, 1.2-fold higher density in the ACPP@EVs™*C group,
and 1.5-fold higher density in the ACPP@EVs™SC group
(Figure 6H-I). These findings suggest that EVs***C have the
ability to optimize the proportion of neurons and astrocytes for
the promotion of the spinal cord and have a greater
neuroprotective effect than EVs from NSCs and BMSCs.

The primary cause of functional impairments after SCI is the
depletion of mature neurons, directly caused by the initiation
of programmed cell death in neural cells.”” Thus, we examined
the antiapoptotic effects of ACPP@EVs***in wvivo using
TUNEL staining (Figure S7B—C). At 7 dpi, the lowest
apoptosis in neurons was found in the ACPP@EVs***© (53.7
+ 3.2%) group, followed by the ACPP@EVs™™C (71.1 +
2.4%) and ACPP@EVs™© (70.7 + 3.5%) groups, and the
highest in the vehicle group (84.3 + 1.2%). These findings
suggest a strong antiapoptotic effect of ACPP@EVs"®*“, which
may contribute to greater neuronal preservation and facilitate
neural network reconstruction after SCIL

At 28 dpi, we immunostained growth-associated protein-43
(GAP43) to visualize regenerated budding axons and neuro-
filament 200 (NF) to observe mature nerve fibers. Compared
with the other groups, GAP43 positive axons in the EVs***C
group were arranged in a relatively uniform and oriented
pattern (Figure 6J—L), indicating better neural network
reconstruction after SCI. Additionally, we detected robust
neurite regrowth in the ACPP@EVs**"C group, with
significantly larger areas of GAP43 and NF than those in the
other groups (Figure 6]—K). Dotted NF" fibers were found in
the vehicle group and were mostly limited to injured areas. In
contrast, nerve fibers in the different EV groups were
distributed across the lesion regions, with a length more than
twice that of the vehicle group. Notably, ACPP@EVs**"“
induced the greatest increase in nerve fiber length, which was
1.3-fold longer than that in the ACPP@EVs™*“ group and 1.5-
fold longer than that in the ACPP@EVs®™ 5 group (Figure
S8A). This finding suggests that EVs*®" have a greater ability
to promote the regrowth of new nerve fibers than EVs from
NSCs and BMSCs.

Demyelination leaves axons exposed, making them prone to
atrophy and degeneration, which worsens dysfunction.
Promoting myelin repair could be a potential strategy for
restoring function after SCL' To explore this, we examined
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Figure 7. ACPP@EVs***C improved motor function recovery post-SCL (A) Representative images of the right hindlimb of rats during the
climbing test showing the effects of treatment with ACPP@EVs™®, ACPP@EVs®™C, or ACPP@EVs***C. (B) Representative 3D stress
diagrams of the right hindlimb at 8 wpi. (C) The representative footprints recorded by the Catwalk system (cyan for right front, RF; yellow
for left front, LF; green for left hind, LH; and magenta for right hind, RH). (D—E) Quantification of the base of support (D) and stride
length (E) in different treatment groups based on footprint patterns (n = 3). (F—G) Quantification of CMAP amplitude (F) and latency (G)
in the different treatment groups (n = 4). (H) Representative MEP waveforms in the different groups. (I) BBB locomotor rating scale of
hindlimbs in different groups during the 8-week treatment period (n = 5). All statistical data are represented as mean + SD (D, E, F, and J)
All statistical data are represented as mean + SD. Statistical analyses were performed using one-way ANOVA with Bonferroni’s posthoc test.
(I) Statistical differences were determined using two-way ANOVA with Bonferroni’s posthoc test. *P < 0.05, **P < 0.01, ***P < 0.001
compared to the Vehicle group; #P < 0.05, ##P < 0.01, ###P < 0.001 compared to ACPP@EVs™™C group; @P < 0.05, @@P < 0.01, @@@P
< 0.001 compared to ACPP@EVs™*® group. ns: not significant.
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the effects of EVs*®™C on axonal remyelination. Using Further, we used immunostaining for myelin basic protein
transmission electron microscopy, we observed extensive (MBP) to visualize remyelinated axons. In contrast to the
demyelination in the vehicle group, characterized by vacuole- vehicle group, where few myelinated axons were found at the
like structures, thinner myelin sheaths, and pronounced caudal ends or lesion center, MBP-positive cells and
delamination (Figure 6M). While there were no significant myelinated axons were significantly more abundant in the
differences in axonal diameter among groups (Figure S8B), we ACPP@EVs***C group after 6 weeks (Figure SSD—E).
noted a significant reduction in the G-ratio (axon-to-fiber Together, these findings indicated that ACPP@EVs*®’C
ratio) in the ACPP@EVs***C group (0.75 [95% CI: 0.74— treatment accelerated myelination in the central nervous
0.76]) compared to that in the other groups (Figure S8C). system, suggesting it may be a promising approach for
This suggests that ACPP@EVs**" treatment led to a high promoting recovery in SCI.
degree of remyelination. Additionally, although the G-ratio EVs*®PC Improved Motor Function Recovery after SCI.
showed a weak correlation with axon diameter, the myelin We assessed the neurological function recovery after 8 weeks
thickness in rats treated with ACPP@EVs™SC, ACPP@ of EVs***C treatment via comprehensive assessments of
EVs®™5¢ and ACPP@EVs**“ was more proportional to behavior, motor function, and neurophysiology. Images of
axon diameter compared to the vehicle group. Notably, the the right claw captured during the climbing test are shown in
ACPP@EVs***C group exhibited the thickest myelin sheaths, Figure 7A. The rats in the vehicle group dragged hind limbs in
further emphasizing a hypermyelination phenotype (Figure a contractured state two months postsurgery. In contrast, after
6N). treatment with different EVs, rats exhibited slow and
6006 https://doi.org/10.1021/acsnano.4c10298
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coordinated movements of both hind limbs, with the most
significant improvement observed in the EVs*®* group.

Following this, we conducted a thorough quantitative
assessment of motor function using the CatWalk system at 8
weeks postinjury (wpi).”" Gait analysis of SCI rats was limited
to forepaw data because of hindlimb paralysis. A typical 3D
image showed that the hind toes of EV-treated rats supported
their weight, with the most significant improvement observed
in the EVs"®*C.treated group (Figure 7B). In addition, the
footprints of rats in the vehicle group exhibited a linear pattern,
indicating continuous hindlimb dragging. In contrast, EVsABPe
group rats were able to lift their hindlimbs off the ground,
exhibiting frequent plantar stepping and occasional forelimb-
hindlimb coordination, demonstrating recovery of motor
function (Figure 7C). Additionally, ACPP@EVs***C signifi-
cantly decreased the support base in SCI rats while increasing
stride length, demonstrating a substantial improvement in
locomotor coordination between the fore and hind limbs
(Figure 7D—E).

Motor-evoked potential (MEP) testing revealed that
compound muscle action potential (CMAP) signals from the
right hind limbs in the vehicle group decreased to
approximately 31.25% of those in the sham group 8 weeks
post-SCL In contrast, the CMAPs signal amplitude was 2.3 +
0.2 mV in the ACPP@EVs***“ group, which was approx-
imately 1.6-fold higher than that in the ACPP@EVs™C group,
2.1-fold of that in the ACPP@EVs"C group, and 2.6-fold of
that in the vehicle group (Figure 7F—H). Additionally, the
Basso-Beattie-Bresnahan (BBB) assay was utilized to evaluate
locomotor function recovery, conducted 1 day prior to injury
and again until sacrifice. At 56 dpi, the rats in vehicle group
continued to drag their hind limbs. In contrast, we observed
the best motor function improvement in the ACPP@EVs*PF¢
group, whereas rats in the ACPP@EVs™C and ACPP@
EVs"™5C groups displayed plantar placement with some degree
of support; however, their stepping lacked coordination
(Figure 7I). Collectively, these results demonstrate that
ACPP@EVs**C is superior to ACPP@EVs™*¢ and ACPP@
EVs®™5€ in enhancing neurological function after SCIL

We also assessed the biomedical safety of ACPP@EVs**C,
As shown in Figure S9A, histological analysis of major organs
was conducted at 28 dpi. Consistent with expectations,
Hematoxylin and Eosin (H&E) staining revealed no significant
tissue damage in cardiomyocytes, hepatic cells, splenic tissues,
alveolar cells, or renal glomeruli (Figure S9A). Additionally, we
performed a quantitative analysis of inflammatory cells
(including monocytes and lymphocytes), which showed that
the number of inflammatory cells remained within the normal
range (Figure S9B).”” To further verify the biosafety of
ACPP@EVs*P*C, we evaluated a complete blood count (Figure
S9C), along with ALT, AST, BUN, and cholesterol levels
(Figure S9D) at 28 dpi, assessing liver function, kidney
function, lipid metabolism, and immune status. The results
showed no significant abnormalities across different treatment
groups, indicating that ACPP@EVs***“ had no adverse effects
on major physiological functions.

DISCUSSION

This study identified ABPCs as a viable source of EVs that
contain an abundance of unique pro-regenerative factors,
including proneurogenic factors (RPS2, ACTG1, and RHOA)
and immunomodulatory factors (Timpl, B2M, and VWE). In
this study, we found that EVs*** facilitated the proliferation
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of NSCs and promoted the extension of axons in differentiated
neurons. In addition, EVs*®*C showed a stronger neuro-
protective effect in neurons than EVs from NSCs and BMSCs
by enhancing neurite outgrowth and mitigating apoptosis.
Moreover, EVs***C exhibited strong immunomodulatory
ability by switching the activation of macrophages from the
inflammatory M1 phenotype toward the reparative M2
phenotype. In the therapeutic context, EVs*PC achieved
better outcomes at both the histological and functional levels
in rats with SCI than the most extensively studied EVs (EVs™SC
and EVs®™5€). These findings suggest that ABPCs are a novel
and practical source of EVs that contain a wealth of systemic
pro-regenerative factors and have considerable translational
value in the treatment of SCL

The therapeutic potential of NSCs and BMSCs in
regenerative medicine is widely recognized.’”** Numerous
studies have increasingly noted that the advantageous effects of
stem cells are primarily attributed to their paracrine activity
rather than the persistent engraftment of transplanted stem
cells."> Over the past decade, stem cell-derived EVs have been
recognized as crucial mediators of stem cell paracrine action.'”
In addition, both preclinical and clinical studies indicate that
EVs derived from stem cells can provide comparable
therapeutic benefits to those of the donor cells themselves
while circumventing the biosafety concerns associated with
stem cell therapy.”” Therefore, to avoid ethical and safety
concerns regarding the direct application of xenogeneic and
allogenic cells, EVs from different stem cells were used as they
lack the ability to self-replicate, thereby addressing concerns
about the potential risk of tumor formation following stem cell
transplantation.”” In this study, we found the potent ability of
EVs*8PC to promote nerve regeneration and modulate
inflammatory responses, which was stronger than that of EVs
from NSCs and BMSCs. The benefits of EVs*** are likely due
to their unique stemness and renewability of ABPCs. ABPCs
can be expanded in vitro for at least 50 passages without
significant senescence, whereas MSCs exhibit signs of
senescence after 10—15 rounds of in vitro culture.”””> These
characteristics make ABPCs ideal for producing stable
phenotypic EVs in large quantities to support EV-based
therapies.

The mechanisms through which ABPCs enable regeneration
are complex and diverse. An intriguing observation was the
rapid growth of nerve fibers toward the antler tip, where
ABPCs reside.””** Therefore, chemotaxis cues within ABPCs
are likely to play a pivotal role in guiding the directional
growth of nerve fibers, of which EVs may be a major mediator
for their communication. In addition, the natural process of
antler shedding in deer, which occurs without inflammation,
highlights the intrinsic anti-inflammatory properties of ABPCs,
which are critical for tissue healing and regeneration.
Additionally, ABPCs exhibit high expression levels of genes
associated with many pathways, notably the Hippo and Wnt
signaling pathways. These pathways are fundamental for
enhancing the regenerative functions of ABPCs and supporting
cellular processes that are crucial for recovery. The Hippo
signaling pathway is a conserved mechanism crucial for
regulating cell proliferation and apoptosis.”> YAP functions
as a mechanically activated downstream effector of this
pathway.*® In addition, the Wnt signaling pathway promotes
the survival and regeneration of neural cells by activating
downstream effectors such as p-catenin.”"”” The careful
modulation of these pathways by ABPCs underlines their
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potential in therapeutic applications, bridging critical gaps in
current regenerative medicine approaches and offering novel
avenues for treatment.

EVs**PC offer several advantages in translational research.
First, EVs**"C carry unique regenerative signals closely
associated with the distinctive regenerative properties of
ABPCs. Unlike BMSCs and NSCs, ABPCs can be consistently
sourced from the annual regeneration cycle of sika deer antlers,
resulting in hizgher EV yields and greater potential for neural
regeneration.2 Additionally, in our study, EVS*PPC were
modified with activated cell-penetrating peptides (ACPP) to
enhance targeted delivery to the injury site.”” Previous studies
have shown that unmodified EVs are rapidly cleared in vivo
and exhibit low retention rates. In contrast, the ACPP
modification in our study significantly improved the local
retention and therapeutic efficacy of EVs**", demonstrating
superior neural regeneration and motor function recovery in
the SCI model. Finally, the utilization of EVs**" presents a
viable strategy to overcome the limitations of stem cell
therapies, including low retention and survival rates due to
immune rejection. Furthermore, EVs are stable during long-
term frozen storage or storage at room temperature after
lyophilization, which is important for translational purpo-
ges, 5859

With the development of novel treatments, several concerns
must be addressed before advancing current findings for
clinical applications. First, a limitation of this study is the
selection of the SCI model. Although the clip compression
model offers certain advantages in simulating chronic
compression and ischemic environments, it does not fully
capture the complex pathology of human SCI. To further
assess the clinical translational potential of our findings, future
studies could incorporate multiple SCI models, such as those
created using the IH Impactor or MASCIS Impactor, which
may better simulate the complex pathology resulting from
acute contusive injuries.éo’61 Furthermore, to increase clinical
relevance, these findings should be replicated across different
animal models. Conducting experiments in rats, mice, pigs, and
even nonhuman primates would provide additional validation
of EVs*®*C’s safety and efficacy to enhance understanding of its
therapeutic potential. Second, although EVs are safe for use in
rodents and nonhuman primates because of their cell-free
properties, a comprehensive study, including long-term safety
monitoring (such as 3 or 6 months), is necessary to exclude
any potential pro-tumorigenic effects.”” An additional safety
concern regarding EVs from different species is possible
adverse immunological reactions, although this phenomenon
was not observed in the current study.”” Third, given the
profound effect of EVs**"“ on NSC proliferation and neurite
outgrowth, a tissue-specific targeting strategy for EVs may
allow neuroprotective treatment in specific tissues. In addition,
while the current extraction techniques have provided
promising results, future studies could incorporate advanced
techniques for more precise and scalable EV isolation,
especially microfluidic technologies. Incorporating these
innovations in EVs extraction can minimize contamination
risks and reduce time and labor, addressing scalability
challenges associated with traditional methods.”® Finally,
EVs**PC.associated factors critical for dictating function need
to be thoroughly assessed, which may reveal new factors that
do not exist in other stem cells and potentially provide
alternative translational avenues for specific tissue injury and
repair.
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CONCLUSIONS

ABPCs are a unique type of mesenchymal stem cell that drives
complete organ regeneration in mammals annually. EVs*?"C
contain pro-regenerative signals that differ from those in EVs
derived from other stem cells. EVs***“ boost neural stem cell
proliferation, activate neuronal regenerative potential, modu-
late immune response, and switch the M1/M2 polarization of
macrophages. Engineered EVs**™ delivered intravenously
significantly improve axonal growth, reduce astrogliosis, and
greatly enhance motor functional recovery after SCI, out-
performing EVs from other stem cell sources. These findings
suggest that ABPCs are a practical source of EVs containing
pro-regenerative factors and offer a promising therapeutic
strategy for SCI repair.

EXPERIMENTAL SECTION

Primary Extraction and Culture of Antler Blastema
Progenitor Cells (ABPCs). ABPCs were isolated according to a
previously established protocol detailed by Qin et al, published in
Science.”* Briefly, the hard antlers of a two-year-old male sika deer
were used to extract ABPCs. Five days after the antlers were cast, cells
within the blastema were sorted using flow cytometry to identify
CX43"FGFR2" cells as ABPCs. Single-cell suspensions were prepared
in Dulbecco’s modified Eagle Medium (DMEM; Gibco, 11965092)
with 1% penicillin-streptomycin (Gibco, 15140122), 0.1% Mycoplas-
ma Removal Agent, and fetal bovine serum (FBS; Gibco,
10099141C). Subsequently, these cells were plated in 10 cm culture
dishes at a density of 2 X 10° cells/cm? After 24 h, nonadherent cells
were removed, and adherent cells were cultured. Upon reaching 80—
90% confluence, the cells were harvested and reseeded at the same
density for further expansion. ABPCs at passages 6—8 (P6—P8) were
used in the experiments. This adjusted protocol ensures the effective
isolation and maintenance of ABPCs with strong regenerative
capabilities that are ready for further experimental use.

Primary Extraction and Culture of Neural Stem Cells. NSCs
were extracted from the cerebral cortex of E14 SD rat embryos. Under
sterile conditions, the cerebral cortex was carefully dissected from the
embryos and mechanically dissociated into a single-cell suspension
using fine forceps and gentle pipetting. The resulting cell suspension
was cultured in Neurobasal medium (Gibco, Carlsbad, CA, USA)
supplemented with 20 yL/mL B27 (Gibco, Carlsbad, CA, USA), 20
ng/mL epidermal growth factor (EGF, PeproTech), 20 ng/mL basic
fibroblast growth factor (bFGF, Invitrogen, Carlsbad, CA, USA), and
1% penicillin-streptomycin. The cells were incubated at 37 °C in a
humidified atmosphere with 5% CO,, and the culture medium was
changed every 2—3 d to ensure optimal growth conditions. When the
cells aggregated into neurospheres and reached 80—90% confluence
(PO), they were passaged using TrypLE Express (Thermo Fisher
Scientific). Throughout the culture period, cell morphology and
proliferation were regularly observed under a microscope to monitor
cell health and growth. The presence of NSCs was confirmed using
immunofluorescence staining for specific markers such as Nestin and
SOX2, ensuring the effective isolation and culture of NSCs for
subsequent experimental procedures. The NSCs were divided into
three groups: vehicle Group, NSCs treated with the standard culture
medium; EVs®™5¢ Group, NSCs treated with EVs"5C (2 x 10°
particles/mL) for 24 h; and EVs***© Group, NSCs treated with
EVs**FC (2 x 10° particles/mL) for 24 h.

Primary Extraction and Culture of DRG Neurons and
Explants. SD rat pups aged 1—3 days were used for this procedure.
The heads of the pups were removed, and the skin and bones along
the spine and thoracic and cervical vertebrae were incised with
microscissors to fully expose the DRG on both sides of the spinal
canal. Each small bulbous dorsal root ganglion was removed using fine
ophthalmic forceps. The outer membrane surrounding the DRG
neurons was carefully peeled off, and the ganglia were cut into small
pieces.®* Collagenase type IV and 0.25% trypsin were added to the
dish to digest DRG neurons, and digestion was terminated after 1 h
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by adding 4 mL of DF-12 medium containing FBS. The mixture was
centrifuged at 1000 rpm for 5 min. The pellet was resuspended in
Neurobasal complete medium, filtered through a 100 ym cell strainer,
and inoculated onto cell culture plates that had been coated with
matrix gel overnight. The same procedure was followed for DRG
explants, but the ganglia were not cut into pieces before digestion, and
the digestion time was reduced to S min. The DRG neurons and
explants were treated with PBS, EVsNSC, EVsBMSC or EVSABPC (2 x
10° particles/mL) for 48 h. The effects of the different treatments on
DRG neurons and explant health and growth were observed and
analyzed. Sholl analysis was conducted using Image] with the Sholl
Analysis plugin, where concentric circles were drawn around the
soma, and the number of dendritic intersections at each radius was
quantified. Statistical analyses were conducted to compare the
differences across groups.

Culture of RAW 264.7 Cells. RAW 264.7 cells (Procell, Wuhan,
China, Cat# CL-0190) were divided into several groups. In the
vehicle Group, the medium was replaced with fresh growth medium,
with no additional treatment applied. In the LPS + IFN-y group,
RAW 264.7 macrophages were incubated with LPS (100 ng/mL,
#L3129, Sigma-Aldrich) and IFN-y (20 ng/mL, #L17001, Sigma-
Aldrich) for 24 h, followed by a medium change to the normal growth
medium. In the LPS + IFN-y + EVs™ group, macrophages were
treated with LPS and IFN-y for 24 h, followed by a medium change to
normal growth medium and the addition of EVs™¢ (2 x 10°
particles/mL) for 24 h. In the LPS + IFN-y + EVs®™™5¢ group,
macrophages were treated with LPS and IFN-y for 24 h, followed by a
medium change and the addition of EVs®™S¢ (2 x 10° particles/mL)
for 24 h. In the LPS + IFN-y + EVs**© group, macrophages were
treated with LPS and IFN-y for 24 h, followed by a medium change
and the addition of EVs***C (2 x 10° particles/mL) for 24 h. All
groups were incubated under the same conditions. After the treatment
period, the cells were further processed to evaluate the effects of EVs
on macrophage activation and polarization.

Culture of VSC 4.1 Motoneurons. VSC 4.1 neurons (EditGene
#EDWTO0066) were grown in a fully humidified incubator at 37 °C
and 5% CO, in DMEM supplemented with 10% FBS and 1%
penicillin/streptomycin. In the LPS group, VSC 4.1 neurons were
incubated with LPS (1000 ng/mL, #3129, Sigma-Aldrich) for 24 h.
For the LPS + EVs™¢ group, VSC 4.1 motoneurons were incubated
with LPS for 24 h, followed by a medium change to normal growth
medium and the addition of EVs™© (2 x 10° particles/mL) for 24 h.
In the LPS + EVs®™5€ group, VSC 4.1 motoneurons were incubated
with LPS for 24 h, followed by a medium change to normal growth
medium and the addition of EVs®™S¢ (2 X 10° particles/mL) for 24 h.
In the LPS + EVs***C group, VSC 4.1 motoneurons were incubated
with LPS for 24 h, followed by a medium change to normal growth
medium and the addition of EVs"BF¢ (2 x 10° particles/mL) for 24 h.

EVs Isolation and Characterization. EVs with a diameter
greater than 100 nm were isolated and purified using gradient
centrifugation, following a previously described protocol. We first
cultured ABPCs using a serum-free medium to avoid contamination
with extracellular vesicles. Cell viability was assessed using the CCK-8
assay, ensuring that only culture supernatants from cells with over
90% viability were used for EV collection and purification. The
collected supernatant was initially centrifuged at 750 X g for 20 min to
remove cells, followed by a second centrifugation at 2,000 X g for 30
min to further eliminate cell debris and apoptotic bodies. The
supernatant was then centrifuged at 16,000 X g for 70 min to
precipitate the EV particles. The obtained pellet was resuspended in
prechilled PBS and centrifuged again at 16,000 X g for 70 min to
ensure purity. All centrifugation steps were performed at 4 °C to
maintain EV integrity. The final EV pellet was resuspended in 100 uL
of prechilled PBS and stored at —80 °C for subsequent analysis. EVs
were then characterized using transmission electron microscopy
(TEM; TECNAI Spirit, FEI, USA), nanoparticle tracking analysis
(NTA; ZetaView, Particle Metrix, Germany), and Western blotting.
EVs were quantified using both NTA and bicinchoninic acid (BCA)
analysis (Beyotime Biotechnology, Shanghai, China). The concen-
tration and size distribution of the EVs were assessed using NTA,
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while BCA analysis was employed for quantification. For the Western
blotting process to identify EV markers, 2 ug of lysates from NSCs,
BMSCs, and ABPCs, and 2 pg of EVsNSC, EVSPMSC and EVs*BPC, were
loaded into each lane. For the experiments in vitro, we used
extracellular vesicles (EVs) at a concentration of 2 X 10° particles/
mL, corresponding to a protein concentration of 50—70 pg/mL as
determined by the BCA assay. For in vivo experiments, the
administered dosage was 1 X 10” particles per rat, with the protein
concentration ranging from 500 to 700 pg/mL.

Single Particle Interferometric Reflectance Imaging Sensor
with ExoView. The characterization of EVs was performed using the
ExoView platform (ExoView, Boston, MA, USA), which allows for a
detailed analysis of EV size, concentration, and surface marker
expression to further validate the purity of our EV samples.®® First, the
isolated EVs were resuspended in precooled PBS at a concentration of
IX 10° particles/mL, which is suitable for ExoView analysis. The
prepared EV samples were then loaded onto ExoView chips (EV-TM-
FLEX-CAR), which are specifically designed to capture EVs based on
their surface markers. The ExoView platform uses fluorescently
labeled antibodies to specifically detect surface markers on the EVs,
providing detailed information on the presence and abundance of
these markers. The ExoView system captures high-resolution images
of the EVs, enabling the precise measurement of their size and
concentration. The data obtained from the ExoView system were
analyzed using its software that generated comprehensive reports on
the size distribution, concentration, and surface marker profiles of the
EVs.

Liquid Chromatography—Mass Spectrometry (LC—MS/MS).
Protein (100 yg) from each sample was digested using a filter-aided
sample preparation (FASP) method for proteomic analysis. The
resulting peptides were desalted using C18 spin columns (Thermo
Fisher Scientific) and dried via vacuum centrifugation. The mass
spectrometer was operated in data-dependent acquisition mode by
selecting the top 20 most abundant precursor ions for HCD
fragmentation.

Proteomics Analysis. Raw MS data were processed using the
MaxQuant software (version 1.6.1.0). The MS/MS spectra were
searched against the UniProt human protein database. Carbamido-
methylation of cysteine was designated as a fixed modification, while
oxidation of methionine and acetylation of protein N-termini were set
as variable modifications. A maximum of two missed cleavages was
allowed. Peptide and protein identifications were filtered using a 1%
false discovery rate (FDR). Label-free quantification (LFQ) was
performed using the MaxLFQ algorithm. Quantified proteins were
analyzed using Perseus software (version 1.6.2.3). Only proteins
identified in at least two out of the three biological replicates with
LFQ intensity values were considered. Regarding the analysis
methods for differentially expressed proteins, we employed the
limma package in R (version 4.3.2) to perform the analysis of gene
expression. Initially, standard preprocessing steps, including quality
control, normalization, and filtering, were conducted to ensure data
integrity. A linear model was then fitted to log2-transformed
expression values using the ImFit function to assess the effects of
experimental conditions. Following this, the eBayes function was
applied to compute moderated t-statistics, log-fold changes, and
associated p-values for each protein. To identify differentially
expressed proteins, thresholds of absolute log-fold change (ILogFCl)
> 1.5 and P < 0.05 were used. Functional enrichment analysis was
performed using Metascape (https://metascape.org) (P < 0.0S).

Fluorescent Ubiquitination-Based Cell Cycle Indicator
(FUCCI) System. A lentiviral vector containing an A FUCCI
reporter gene (EFLA-mKO2-T2A-mAzami-Green) was developed
by Genechem, China.*® This vector is designed to be selectively
expressed at specific cell cycle stages. The utilization of reporter genes
with different fluorescent colors allows for real-time imaging of the
various phases of the cell cycle, where red, yellow, and green
fluorescence correspond to cells in the G1, G1/S transition, and S/
G2-M phases, respectively. The specific synthesis method was as
follows: the target gene was PCR-amplified, followed by digestion of
the vector with PacI and EcoRI. The PCR product was then purified.

https://doi.org/10.1021/acsnano.4c10298
ACS Nano 2025, 19, 5995-6013


https://metascape.org
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c10298?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Next, the purified PCR fragment was ligated into the digested vector
to obtain the recombinant plasmid. This recombinant plasmid was
subsequently transfected into suitable packaging cells along with
helper plasmids to produce the lentivirus. Finally, we collected the
viral supernatant, concentrated it, and used it to infect and label the
NSCs. Subsequently, the labeled NSCs were treated with PBS,
EVs®™SC (2 x 10° particles/mL), and EVs*®*C (2 x 10° particles/mL)
for 24 h. Following treatment, the cells were observed and analyzed
statistically analysis using the High Content Imaging System
(ImagePress Micro, Molecular Devices).

Preparation of ACPP@EVs. First, a Tris-HCI buffer solution was
prepared by dissolving 0.44 g of Tris-HCI in 45 mL of deionized
water, and the pH was adjusted to 6.8—7.4 using a 1% ammonia
solution. Next, S mg of DSPE was dissolved in 200 uL of anhydrous
ethanol. The peptide, EEEEEEEE(ES8)-6-aminohexanoyl-PLGLAG-
RRRRRRRR(R8),* was dissolved in 1 mL of Tris-HCI buffer and
added to the DSPE solution, followed by rinsing the peptide container
twice with Tris-HCI buffer and adding the rinses to achieve a total
volume of 3.2 mL. Then, 1.8 mL of Tris-HCI buffer was added to
bring the final volume to S mL. The reaction mixture was protected
from light by wrapping the tube in aluminum foil and mixing
overnight on a shaker. Subsequently, EVsNSC EVSBMSC and EVsABPC
(1 X 10" particles/mL) were added to the reaction mixture and
incubated for an additional period to allow conjugation. The solution
was transferred to a dialysis membrane and dialyzed against 2 L of
deionized water with an appropriate amount of anhydrous ethanol
while stirring overnight. The water was changed every 12 h to ensure
thorough purification. Finally, the number of purified EV particles
number was measured using NTA at a concentration of approximately
1 x 10% particles/mL.

Validation of Targeted EV Construction Using Mass
Spectrometry. We performed a mass spectrometry (MS) analysis.
The engineered EVs were lysed, and the proteins were digested with
trypsin. The resulting peptides were then purified and analyzed using
liquid chromatography-tandem mass spectrometry (LC-MS/MS).
The raw data were processed and analyzed using PEAKS Studio X+
software (Bioinformatics Solutions Inc.) to identify specific marker
proteins and yeptides that indicated successful targeting and EV
construction.*®

Animals. We used adult female Sprague—Dawley (SD) rats, aged
8—10 weeks and weighing approximately 220—250 g. These rats were
obtained from the Animal Experiment Centre of The Fourth Military
Medical University, China (License No. IACUC-20241365), and
were housed in clean cages at a controlled temperature of 22—25 °C,
with a 12-h light/dark cycle and ad libitum access to food and water.
All experimental procedures were approved by the Ethics Committee
of The Fourth Military Medical University, adhering to the 3Rs
principles (Replacement, Reduction, and Refinement) to minimize
the number of animals used and reduce suffering. The rats were
randomly divided into five experimental groups, with at least five rats
in each group: 1) Sham group, which received surgery without SCI
induction; 2) Vehicle group, untreated SCI rats; 3) ACPP@EVs™SC
group, SCI rats treated with intravenous ACPP@EVs™C at a dose of
1 X 10° particles per injection three times weekly; 4) ACPP@EVs®5¢
group, SCI rats treated with intravenous ACPP@EVs®™5€ at a dose of
1 X 107 particles per injection three times weekly; and 5) ACPP@
EVs***C group, SCI rats treated with intravenous ACPP@EVs*" at
a dose of 1 X 10° particles per injection three times weekly. Sampling
time points were set at 3, 7, 14, 28, and 56 dpi to evaluate the repair
outcomes at different stages. At each time point, the BBB score was
used to assess motor function recovery. Specific analyses included
Nissl staining at 7 dpi to observe neuronal density, GFAP and TU]J1
staining at 14 dpi to evaluate the distribution of astrocytes and newly
formed neurons, quantification of nerve fiber length and electro-
physiological analysis at 28 dpi, HE staining and blood biochemistry
at 28 dpi, and MBP staining and TEM analysis of myelin structure at
56 dpi.

SCl Model. Rats were anesthetized via intraperitoneal injection of
sodium pentobarbital and placed in a prone position. The dorsal area
was shaved, and the skin was disinfected with iodophor. After
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disinfection, the skin, subcutaneous tissue, and paravertebral muscles
were carefully dissected to expose the T9 vertebra. The T9 spinous
process and vertebral plate were removed to expose the spinal cord
without causing injury, using fine forceps. The spinal cord was then
compressed vertically using microvascular clips (RWD Life Science,
R31005—10) paired with a clip applicator (RWD Life Science,
R34001—14) for S s. Successful compression was confirmed by
observing limb extension and tail twitching. Postcompression,
muscles, and skin were sutured using sterile techniques, and
cefuroxime was administered intraperitoneally. The rats were allowed
to recover at room temperature. Postoperatively, rats in the ACPP@
EVs™¢, ACPP@EVs™C, and ACPP@EVs*** groups received their
respective EVs via intravenous injections three times weekly until
sacrifice. Manual bladder expression was also performed twice daily
until reflex bladder emptying was restored.

Rats were humanely euthanized with an overdose of isoflurane at 3,
7-, 14-, 28-, and 56-days post-SCI. A median thoracoabdominal
incision was made, followed by perfusion with 10 mL of cold saline
via the left ventricle and then 100 mL of cold 4% paraformaldehyde
(Beyotime, Shanghai, China, Cat# P0099—100 mL). The spinal cord
segments (0.5 cm) above and below the lesion site were harvested
and fixed overnight in 4% paraformaldehyde.

Electrophysiological Analysis. Electrophysiological tests were
performed at 28 dpi to evaluate the functional status of sensorimotor
signal conduction. The sciatic nerves of the rats were exposed under
anesthesia. For motor-evoked potential (MEP) measurements, a
stimulating electrode was inserted into the spinal motor cortex
(SMC), and a recording electrode was placed into the sciatic nerve.
The waveforms, amplitudes, and latencies of the MEPs were recorded
and analyzed.

Gait Analysis. The Catwalk XT (Noldus) system was employed
to identify neurological gait disorders. One week before modeling, the
rats were trained to learn the procedure. Gait analysis was conducted
in the fourth week after EV treatment to assess the recovery of motor
function. The system recorded the footprints of the rats as they
voluntarily crossed a glass plate toward a goal box. For the analysis, a
minimum of three successful runs were required for each group.
Additionally, based on the measurement data, the Catwalk XT system
was used to calculate the BBB score.

Statistical Analysis. Statistical analysis was conducted using
GraphPad Prism 9.2.0 software (GraphPad Software, San Diego, CA,
USA). We used the Shapiro—Wilk test to assess normality for each
group’s data distribution. The homogeneity of variances was evaluated
using the F-test for two-group comparisons and the Brown—Forsythe
test for comparisons involving more than two groups. When data met
the assumptions of normality and homogeneity of variances, they
were reported as mean =+ standard deviation (SD), and we performed
an unpaired t test for two-group comparisons or one-way ANOVA
followed by Bonferroni’s multiple comparisons test for comparisons
among multiple groups. For data with two variables (group and time),
two-way ANOVA was applied. For data deviating from a normal
distribution, we applied the nonparametric Mann—Whitney U test for
two-group comparisons and the Kruskal-Wallis test, followed by
Dunn’s multiple comparisons test for multigroup comparisons. These
data were reported as median with interquartile range (IQR).
Correlation analyses were performed using Pearson’s correlation.
Detailed statistical methods are provided in each figure legend. All
differences among and between groups were considered statistically
significant at P < 0.0S. Significance levels were defined as follows: *P
< 0.05, ¥* P < 0.01, ¥¥* P < 0.001.
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procedures, two-photon microscopy for EV transport
dynamics, RNA sequencing analysis, transmission
electron microscopy, molecular mechanism analysis,
and flow cytometry for macrophage analysis; compara-
tive proteomic analysis of EVs***¢, EVsNSC and EVs®M5¢
(Figure S1); identification of NSCs and analysis of the
effects of EVs"™5¢ and EVs***© on NSCs proliferation
and differentiation (Figure S2); enhancement of neurite
outgrowth and reduction of neuronal apoptosis by
EVs*PPC  (Figure S3); bioinformatics analysis and
validation of key signaling pathways in neurons treated
with EVs**FC (Figure S4); evaluation of inflammatory
response and macrophage polarization induced by
different EVs treatments (Figure SS); ex vivo distribution
of ACPP@ EVs (Figure S6); evaluation of neuronal
apoptosis and treatment effects post SCI (Figure S7);
ACPP@EVs***C promoted neural regeneration and
axonal remyelination in SCI (Figure S8); safety
evaluation of EVs**C treatment on major organs and
physiological parameters (Figure S9); and analysis of the
protein interaction between MMP2 and ACPP peptide
segments (Table 1) (PDF)
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ABBREVIATIONS

SCl:spinal cord injury; MSC:mesenchymal stem cell;
NGF:nerve growth factor; IGF-1:insulin-like growth factor-1;
ABPCs:antler blastema progenitor cells; EV:extracellular
vesicle; ACPP:activated cell-penetrating peptides; TEM:trans-
mission electron microscopy; LC—MS/MS:liquid chromatog-
raphy—tandem mass spectrometry; PCA:principal component
analysis; GO:gene ontology; DEP:differentially expressed
protein; FUCCI:fluorescent ubiquitination-based cell cycle
indicator; LPS:lipopolysaccharide; IFN-y:interferon-gamma;
DEG:differentially expressed gene; GSEA:gene set enrichment
analysis; iNOS:inducible nitric oxide synthase; TNF-a:tumor
necrosis factor-alpha; MBP:myelin basic protein; FACS:fluor-
escence-activated cell sorting; PBS:phosphate-buffered saline;
MEP:metalloproteinase (MMP); Motor-evoked potential;
CMAP:compound muscle action potential; BBB:Basso—
Beattie—Bresnahan; dpi:days postinjury; BMSC:bone marrow
stem cell; NSC:neural stem cell
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